ABSTRACT Higher-level relationships among the earliest lineages of brachyceran Diptera remain poorly resolved by comparative morphology. Nucleotide sequence data should be useful in clarifying brachyceran relationships, especially where morphological evidence is either contradictory or controversial. We examined phylogenetic relationships among the family-level taxa of the brachyceran infraorder Tabanomorpha using sequences of a large portion of the 28S ribosomal DNA. Twenty-Þve species were sequenced, including Þve outgroup species from the Stratiomyomorpha and Xylophagomorpha. Parsimony and maximum likelihood-based phylogenetic analysis of 2,371 alignable sites yielded identical inferred tree topologies. 28S rDNA supports the monophyly of the Tabanomorpha (Vermileonidae, Rhagionidae, Pelecorhynchidae, Athericidae and Tabanidae). Our results contradict several published hypotheses that associate Vermileonidae with asiloid or eremoneuran taxa remote from the Tabanomorpha. The molecular data also support monophyly for all of the included family-level lineages, and corroborate several recent phylogenetic hypotheses based on comparative morphology.
RECENT CLASSIFICATIONS OF the Diptera divide the large clade Brachycera into four Infraorders: Xylophagomorpha, Tabanomorpha, Stratiomyomorpha, and Muscomorpha (Woodley 1989 , Sinclair et al. 1994 , Yeates and Wiegmann 1999 . Although family level composition of these major dipteran groups is largely stable (Fig. 1) , relationships both within and among brachyceran infraorders remains controversial and relatively poorly resolved by morphological evidence (GrifÞths 1994 , Sinclair et al. 1994 , Yeates and Wiegmann 1999 . Nucleotide sequences are just beginning to be applied to questions of higher-level phylogenetic relationships in Diptera (Pawlowski et al. 1996; Tautz 1997a, 1997b; unpublished data) . These data are expected to provide increased resolution to ßy phylogeny, especially when added to existing sources of evidence.
The infraorder Tabanomorpha includes the family Tabanidae (horseßies) and the closely related families Pelecorhynchidae, Athericidae, Rhagionidae (snipe ßies), and Vermileonidae. Most adult Tabanomorpha feed on nectar and pollen, but the majority of female Tabanidae, an athericid (Suragina Walker) and a few Rhagionidae (Symphoromyia Frauenfeld, Spaniopsis White) are biting ßies that feed on vertebrate blood (James and Turner 1981 , Webb 1981 , McKeever and French 1997 . Several blood-feeding adult Tabanidae are important vectors of disease to humans and livestock (Foil 1989) . As larvae, nearly all Tabanomorpha are predators in terrestrial, aquatic, or semiaquatic habitats.
The monophyly of the Tabanomorpha has been defended based on at least three morphological synapomorphies: presence of a brush above the larval antennae and beside the labrum (ϭ"mandibular brush" of Sinclair 1992); larval head retractile; and adult clypeus convex and bulbous (Woodley 1989 , Sinclair 1992 , Sinclair et al. 1994 . Of these, only the larval head condition can be clearly applied to the groundplan of Vermileonidae. Another proposed synapomorphy supporting placement of Vermileonidae in Tabanomorpha is an expanded Þrst article of the female cercus shared by vermileonids and other Tabanoidea, such as in some Rhagionidae and in the Pelecorhynchidae (Sinclair et al. 1994) . The phylogenetic utility of the latter feature as a tabanomorphan synapomorphy has been questioned because of its variability in Rhagionidae and of the reduction of the cercus to a single article in athericids and tabanids (Woodley 1989 , GrifÞths 1994 , Sinclair et al. 1994 . Woodley (1989) considered the feature a synapomorphy of the Pelecorhynchidae alone.
The genes and spacer regions of the ribosomal DNA repeat units are among the most commonly used genes in phylogenetics (Hillis and Dixon 1991) . Ribosomal regions have been applied to almost all levels of ßy phylogeny (e.g., Pé landakis et al. 1991; Pawlowski et al. 1996; Porter and Collins 1996; Tautz 1997a, 1997b; Whiting et al. 1997; Carreno and Barta 1998) . The slower evolving portions of the ribosomal genes have been particularly useful in recovering relationships among the oldest lineages within holometabolan clades (Whiting et al. 1997 . In this study, nucleotide sequences from the large subunit (28S) ribosomal RNA are used to reconstruct phylogenetic relationships among the families of Tabanomorpha. The phylogenetic arrangement inferred from these data are used to assess support from molecular data for the monophyly of the Tabanomorpha; the phylogenetic position of Vermileonidae; and the morphology-based relationships among the major tabanomorphan clades (Woodley 1989 , Sinclair et al. 1994 .
Taxonomic History of Tabanomorpha. Hennig (1948) was the Þrst to use the name Tabanomorpha in Diptera classiÞcation but applied the name to all of the lower brachyceran families. Later, Hennig (1973) redeÞned the Tabanomorpha to contain just the Tabanidae, Rhagionidae, and Pelecorhynchidae. Woodley (1989) and Sinclair et al. (1994) summarized the most consistently cited morphological evidence for relationships among the Þve currently recognized tabanomorphan families (Fig. 1) . Relationships within the tabanomorphan families, however, are not considered fully resolved by some dipterists (GrifÞths 1994 , Nagatomi 1996 .
Much of the remaining uncertainty about higherlevel relationships is caused in large part by the lack of clear synapomorphies to delimit the Rhagionidae. A great diversity of morphologies occur in the extant Rhagionidae, and recently described fossil genera reßect an even greater breadth of forms dating back to the late Cretaceous and earlier (Grimaldi and Cumming 1999) . The most recent treatments of tabanomorph relationships focus on conßicting placements for enigmatic current and former rhagionid taxa, such as Glutops Burgess, Athericidae, and Vermileonidae (Nagatomi 1977 (Nagatomi , 1992 (Nagatomi , 1996 GrifÞths 1994) . Stuckenberg (1973) separated Atherix Meigen from the Rhagionidae, elevated it to family level as Athericidae, and demonstrated its close relationship with Tabanidae.
The position of Vermileonidae with respect to other Tabanomorpha is unsettled (Woodley 1989 , GrifÞths 1994 , Sinclair et al. 1994 Nagatomi and Yang 1998) . Originally a subfamily of Rhagionidae (Hennig 1973) , this monophyletic group of seven genera has been elevated as a separate tabanomorphan family (Vermileonidae, Nagatomi 1977) , either associated with asiloid and eremoneuran taxa based on larval head capsule morphology (Teskey 1981 , Nagatomi et al. 1991 , Nagatomi 1992 , Nagatomi and Yang 1998 or left as incertae sedis (Woodley 1989) . Most recently, the vermileonids have been placed as the basal tabanomorph lineage (Sinclair et al. 1994) or tentatively elevated as a separate infraorder-level lineageÑVermileonomor-pha (GrifÞths 1994) . GrifÞths (1994) also favored male genitalic evidence uniting the Xylophagomorpha ϩ Tabanomorpha and recommended abandoning infraorder-level status for the xylophagids. Yeates and Wiegmann 1999) . Thickened bar delimits hypothesized relationships within the Tabanomorpha (Woodley 1989 , Sinclair et al. 1994 . Dashed lines denote possible placements for Vermileonidae (Hennig 1973 , GrifÞths 1994 , Sinclair et al. 1994 . The estimated number of described species (mostly from McAlpine et al. 1981 ) is given to the right of each higher level clade (Yeates and Wiegmann 1999) . Nagatomi (1992) considered Glutops to be a rhagionid, relying heavily on its morphology to unite the Pelecorhynchidae and Rhagionidae as sister-groups. This arrangement was refuted by Sinclair (1992) , who identiÞed Glutops as a pelecorhynchid based on larval features. A poison canal in the larval mandibular hook is considered the best evidence uniting Pelecorhynchidae (including Glutops) with Athericidae ϩ Tabanidae (Sinclair et al. 1994) . It is important to note that even with Glutops, athericids, and vermileonids removed from the Rhagionidae, the monophyly of the Rhagionidae is not easily deÞned. Genera such as Bolbomyia Loew and Austroleptis Hardy are difÞcult to place relative to the more common rhagionid genera (Chrysopilus Macquart, Rhagio F., and Symphoromyia Frauenfeld), likely rendering the family paraphyletic with respect to basal Tabanomorpha (Hennig 1973 , Woodley 1989 , Sinclair et al.1994 . Nagatomi and Yang (1998) recently assigned a number of rhagionid-like fossils to the family Rhagionempididae. However, these authors argue against placement of these groups in Tabanomorpha considering them instead to be closest relatives of the extant family Apsilocephalidae (Nagatomi et al. 1991 )Ña probable asiloid taxon, the position and rank of which remains controversial (Yang et al. 2000) .
Family-level divergences among lower brachyceran Diptera are likely to be as old as the Upper Triassic (250 Ð200 mya) based on known compression fossils (Hennig 1981; Woodley 1989; Evenhuis 1994; Nagatomi and Yang 1998; Ren 1998a Ren , 1998b Grimaldi and Cumming 1999) and 28S rDNA sequence data (unpublished data). Clade ages within the infraorder are more difÞcult to predict, but the oldest easily assigned compression fossils are rhagionids from the Middle Jurassic (187Ð163 mya; Kovalev 1981) . Well-preserved compression fossils of ßower-associated pangonine Tabanidae indicate that tabanid lineages were already diversifying well into the middle Mesozoic (150 mya; Labandeira 1998 , Ren 1998a ).
Materials and Methods
Taxon Sampling. A total of 25 species was included in the study, representing a broad geographic sampling of taxa from each tabanomorphan family and several outgroups ( Laboratory Methods. Total genomic nucleic acids were extracted using the guanidinium isothiocyanate homogenization protocol of Chirgwin et al. (1979) (after Cho et al. 1995) . A 2.8-kbp fragment of the 28S rRNA gene was ampliÞed in Þve segments using primers from Hamby et al. (1988) modiÞed to match the published sequence for the dipteran Drosophila melanogaster Meigen (GENBANK Accession #M21017; Tautz et al. 1987) (Table 2) . Primers rc28C and 28P were used in combination to amplify the 5-prime, Ϸ500-bp fragment (4,410 Ð 4,913 in D. melanogaster, Hancock et al. 1988 ); rc28P and 28E amplify an Internal primers 28Q and rc28X were used in cycle sequencing reactions for some templates (Table 2) . Polymerase chain reaction (PCR) ampliÞcations were carried out using standard 3-step PCR with 50ЊC annealing temperature and 30 cycles. Sequences were obtained by dye terminator cycle sequencing using the ABI Taq FS enzyme (PE Applied Biosystems, Foster City, CA), gel fractionated, and base-called on the ABI PRISM 377 DNA sequencer (PE Applied Biosystems) of the North Carolina State University DNA Sequencing Facility. Opposite strands were conÞrmed for all templates. ABI trace Þles were edited and contigs assembled using the program GAP4 in the STADEN software package (Staden 1996 ) on a SUN Ultra1 workstation. The Þnal nucleotide alignment is available as a downloadable alignment Þle on the website of B.M.W. (www2.ncsu.edu/unity/users/b/bwiegman/ public_html/align.html) or from the EMBL Nucleotide Alignment Database.
Nucleotide Alignment and Phylogenetic Analysis. Alignments were constructed manually using the multiple alignment editor of the genetic data environment (GDE 2.2) (Smith et al. 1994) . Positions within the 28S divergent domains for which alternative ad hoc placement of indels could affect the phylogenetic outcome were excluded from the analysis. Boundaries of excluded regions were set by inspection as the last position whose alignment preserves unambiguous adjacent positional homology. Gaps were treated as missing data. Phylogenetic trees were constructed using equally weighted parsimony methods in PAUP*4b2a (Swofford 1999) . Heuristic searches were performed using 100 replicate random addition searches with tree bisection-reconnection branch swapping. Bremer support values (Bremer 1988 (Bremer , 1994 were calculated by heuristic search (tree bisectionreconnection) with 10 replicates of random additions using the "constraint" and "enforce converse" options in PAUP*4b2a. A Wilcoxon signed ranks test (Templeton 1983, Johnson and Soltis 1998) was used to test whether the support for minimum length trees found in Bremer value calculations, i.e., those supporting alternative placements for each node, were signiÞ-cantly less parsimonious than the overall most parsimonius trees. Bootstrap support values (Felsenstein 1985) were obtained from 500 replicate resampled data sets and heuristic searches (tree bisection-reconnection). Maximum likelihood analyses were performed in PAUP*4b2a using the default likelihood parameter settings (HKY85 6-parameter model of nucleotide substitution, empirical base frequencies, and transition/transversion ratio set to 2:1). These same parameters were used to carry out 100 replicate maximum likelihood bootstrap searches conducted in PAUP* 4b2a.
Results and Discussion
Alignment of the 28S gene resulted in 2,371 sites included in the phylogenetic data set. Of these, 472 were variable and 256 were parsimony informative. Uncorrected pairwise sequence divergence ranged from 0.1 to 4% for confamilial genera, 3.13 to 7.2% between tabanomorph families, and 2.9 to 7.4% between outgroup taxa and tabanomorph families. In general, pairwise divergence increased with depth in the phylogenetic hierarchy, as is expected under homogeneous rates. Average base frequencies for this fragment were A ϭ 30.17%, C ϭ 17.95%, G ϭ 23.71%, and T ϭ 28.16%, and a chi-square test for base composition showed no signiÞcant deviation from these proportions among taxa ( 2 ϭ 17.55, df ϭ 72, P ϭ 1.0). Parsimony analysis of the 28S rDNA data set yielded three equally parsimonious trees (length ϭ 892; CI ϭ 0.65; RI ϭ 0.70; RC ϭ 0.45), the strict consensus of which is shown in Fig. 2 . Differences in the three most parsimonious topologies involved only rearrangements among the four included non-Chrysops tabanine tabanids. The monophyly of Tabanomorpha is supported (58%, bootstrap value; Bremer support ϭ 1), but is one of the weaker nodes in the tree. Bootstrap and Bremer support values indicates support for all of the family-level lineages within the Tabanomorpha. Nodes found to be signiÞcantly more parsimonious than alternative topologies lacking that node by Wilcoxon signed rank test (Templeton 1983) were Xylophagomorpha ϩTabanomorpha, tabanine Tabanidae, and grouping the sequenced congeners in Chrysops, Symphoromyia, and Rhagio (Fig. 2) . 28S rDNA also support the hypothesized arrangement of the tabanoid families according to morphology: Pelecorhynchidae ϩ (Athericidae ϩ Tabanidae) (Woodley 1989 , Sinclair et al. 1994 . Glutops is unequivocally placed as a pelecorhynchid. Our data also support the placement of Athericidae as a sister family to the Tabanidae (Stuckenberg 1973 , Woodley 1989 .
Quite surprisingly, the most parsimonious trees place the two sequenced vermileonid taxa as a monophyletic lineage sister-group to all included Rhagion- Hancock et al. 1988. idae. This placement is concordant with HennigÕs (1973) view of the group as a rhagionid subfamily. Trees constrained to place Vermileonidae as sistergroup to all other Tabanomorpha (Sinclair et al. 1994) are only three steps longer than the most parsimonious trees (P ϭ 0.58, Wilcoxon signed rank test; Templeton 1983), whereas placement of Vermileonidae outside the Tabanomorpha ϩXylophagomorpha (Nagatomi et al. 1991 , GrifÞths 1994 are seven steps longer (P ϭ 0.21, Wilcoxon signed rank test; Templeton 1983) . These low values, both not signiÞcantly less parsimonious by Wilcoxon signed rank test, suggest that the addition of evidence from morphology or other genes could support these published alternatives.
The maximum likelihood tree inferred from these data is identical in topology to one of the three minimum length trees (-ln L ϭ 8,891.65; Fig. 3) . As in the parsimony-based results, low branch lengths for the Tabanomorpha root node, and for the node uniting Vermileonidae ϩ Rhagionidae, indicate weaker support for these groupings. As with parsimony, the likelihood score for the topology that places Vermileonidae as sister-group to all other Tabanomorpha (-ln L ϭ 8899.41) was not signiÞcantly different from that The number of each branch is the bootstrap value (500 replicates) and that below each branch is the Bremer support value. Asterisks denote nodes for which alternative topologies are signiÞcantly less parsimonious by Wilcoxon signed ranks test (Templeton 1983, Johnson and Soltis 1998) . Thickened branches are those in which adult females are blood feeders. Arrows indicate gain (ϩ) and loss (-) of blood feeding by adult females under one most parsimonious optimization (see text). Dashed line in Athericidae indicates that under this optimization, blood-feeding is retained in Suragina (not sampled), but lost in all other Athericidae (Atherix).
of the maximum likelihood topology (P ϭ 0.21, Kishino-Hasegawa Test; Kishino and Hasegawa 1989, Swofford et al. 1996) . Conversely, placement of Vermileonidae outside the Tabanomorpha ϩXylophago-morpha (Nagatomi et al. 1991 , GrifÞths 1994 ) is signiÞcantly less likely than the maximum likelihood topology (P ϭ 0.038, Kishino-Hasegawa test; Kishino and Hasegawa 1989, Swofford et al. 1996) .
Monophyly and Relationships of the Tabanomorpha. Our molecular results support the monophyly of the Tabanomorpha inclusive of the following families. Vermileonidae, Rhagionidae, Pelecorhynchidae, Athericidae, and Tabanidae. This Þnding suggests that presence of a ventrolaterally expanded Þrst segment of the cercus in females may indeed be a tabanomorph synapomorphy along with the retractile condition of the larval head capsule (Woodley 1989 , GrifÞths 1994 , Sinclair et al. 1994 . Our Þnding that Vermileonidae is a basal tabanomorph lineage refutes NagatomiÕs (1996) placement of the family in a lineage containing the enigmatic therevid relative Apsilocephala Krö ber, and the Eremoneura (ϭEmpidoidea ϩ Cyclorrhapha). Although these data support GrifÞths (1994) proposal that Xylophagomorpha and Tabanomorpha form a single monophyletic clade, our limited sample of brachyceran taxa outside of Tabanomorpha and placement of the root between the outgroups (Stratiomyomorpha and Xylophagomorpha) and ingroup (Tabanomorpha ϩ Vermileonidae) precludes deÞni-tive testing of the validity of the grouping.
Comparison of 28S rDNA sequence variation across the included basal brachyceran lineages suggests that the alignable portions of this gene contain sufÞcient phylogenetic information for reconstructing lower brachyceran phylogeny. Additional sequence from the more rapidly evolving regions can be aligned within families and have proven useful for subfamilyand genus-level phylogenetic analysis in the asiloid family Therevidae (Yang et al. 2000) and within the Empidoidea (K. Collins, unpublished data). We are currently investigating the same 28S regions applied in this study across a broad sample of lower brachyceran and basal cyclorrhaphan families. These data, together with reinterpreted morphological evidence, should lead to greater resolution of brachyceran higher-level relationships as well as speciÞc hypotheses about the position of enigmatic taxa. Our own forthcoming combined molecular and morphological analyses of a large number of lower brachyceran taxa, for example, clearly exclude Hilarimorphidae, Nemestrinidae, and Acroceridae from the Tabanomorpha (unpublished data).
Morphological and molecular systematic investigations with broader taxon sampling are also greatly needed within tabanomorph families. Our limited taxon sample does not address the key unresolved issues of rhagionid monophyly and relationships, placement of Bolbomyia and Austroleptis, or the higher-level phylogeny of Tabanidae. Interestingly, with just our limited sample of tabanomorph taxa and resulting 28S rDNA based results, vertebrate bloodfeeding can be inferred to have arisen at least two, and possibly multiple times in Tabanomorpha (Fig. 2) . On our trees, the blood-feeding habit arises at least once within Rhagionidae (Symphoromyia, Spaniopsis) and then again, if assumed a groundplan feature of the Athericidae (present in Suragina, lost in Atherix) plus Tabanidae, and then is lost again in ßower-visiting pangonine tabanids. Greater sampling within Rhagionidae and Tabanidae could lead to alternative optimizations implying additional independent origins of the blood-feeding habit.
